Abstract Antibiotic resistance profiling (ARP) is a potentially useful method for distinguishing faecal bacteria according to host source. This phenotypic approach has cost benefits over genotypic methods, but existing protocols are time-consuming and manual data handling is open to human error. A simplified, lowcost approach to the ARP technique was developed that used automated data recording techniques combined with simple statistical analyses to compare isolates of the genus Enterococcus from various faecal sources. An initial battery of 21 antibiotics (at up to four concentrations) was chosen for source discrimination. Images of growth or non-growth in microplate wells were stored as bitmaps and converted to binary data to form a database of known antibiotic resistance profiles. Discriminant function analysis (DFA) showed that the average rate of isolates correctly classified by the database (wastewater vs nonwastewater) was 86%. Once the more discriminating antibiotics and their concentrations had been identified, it was possible to reduce the number of tests from 80 to 18 whilst increasing the number of correctly classified human isolates. ARP could offer a low-cost and rapid means of identifying sources of faecal pollution. As such, the technique may be of particular benefit to developing countries, where water quality may have a significant impact on health and where cost is a major factor when choosing environmental management technology.
Introduction
The quality of surface water in the European Union is currently measured against 19 parameters prescribed by the Directive on the quality of bathing waters (Anon., 1976) . The principal parameters of water quality in the directive are two groups of faecal indicator bacteria, namely faecal coliforms and faecal streptococci. Whilst indicating the presence of faecal contamination, these groups provide little information as to its origin. Knowledge of the source (or sources) of pollution is an important issue when determining both the degree of risk posed to public health and in deciding how best to go about tackling the problem. Faecal contamination may originate from a number of sources, including human, domestic and feral animals. These may originate from either point sources (e.g. wastewater discharges), or non-point sources (e.g. agricultural run-off).
It had been proposed (Geldreich and Kenner, 1969; Feachem, 1975) that the ratio of faecal coliforms to faecal streptococci could be used as a means of indicating the likely origin of faecal pollution. However, by the 1980s it had become apparent that such a ratio was unstable in all but the most recent pollution incidents, because of marked differences in die-off rates between the two groups of organisms. More recent approaches to source tracking have included a range of chemical and microbiological techniques, many of which have been reviewed (Sinton et al., 1998; Scott et al., 2002) .
Whilst there is an increasing awareness of the need to develop techniques capable of distinguishing one source of faecal contamination from another, little attention has been given to the provision of low-cost solutions. This study aimed to develop an existing source tracking method in order to make it more applicable to developing countries where water quality has a significant impact on health and where cost is the decisive factor in the choice of environmental technology.
Antibiotic resistance profiling (ARP) has been successfully applied within the United States to determine sources of faecal pollution in watersheds (Wiggins, 1996; Hagedorn et al., 1999; Harwood et al., 2000) . However, ARP has not previously been attempted within the UK, and this study served to demonstrate that its underlying principles may be successfully applied to a new geographical area where antibiotic usage, agricultural practices and climate may differ. ARP is a phenotypic technique based on the principle that a bacterial population that has had prolonged exposure to one or more antibiotics may exhibit a unique antibiotic resistance "profile" or "fingerprint" when tested against a battery of antibiotics.
Although the ARP method referred to in this study is based upon existing techniques (Kelch and Lee, 1978; Wiggins, 1996; Harwood, 2000) , it has been further developed in an attempt to improve the detection of growth and the rate at which plates can be read. Of particular importance was the need for the technique to be automated in order to reduce the time and subsequent cost of developing the initial library of resistance profiles. The incorporation of a pH indicator within the growth medium allows reactions to be read using a transmissive flatbed scanner (Gabrielson et al., 2002) and imaging software (PhPlate AB, Sweden). Flatbed scanners are not only much more robust and portable than traditional plate readers, but, more importantly, they are considerably cheaper (~US$100 rather than US$3,000). Plate images may also be stored electronically (as bitmap files) and referred to if any data discrepancies arise. The modifications aim to reduce the likelihood of contamination of plates and to improve the overall reliability and reproducibility of the technique.
Enterococci were selected for several reasons. Enterococci survive longer in the natural environment than faecal coliforms, and are present in the faeces of humans, animals and birds. Their use as indicator organisms is widespread throughout much of the world, including Europe where they are routinely tested for as part of the EU bathing water directive. Multiple antibiotic resistance is common amongst enterococci and, with the emergence of vancomycin resistance, some strains may now be resistant to all currently approved antimicrobial agents (Aarestrup, 1995) .
Materials and methods

Samples
A total of 2,195 isolates of Enterococcus spp. were collected from the faeces of cattle, pigs, poultry, sheep, seagulls (Larus spp.), starlings (Sturnus vulgaris), pigeons (Columba domestica), pet dogs, donkeys, ducks, geese (Anser anser), magpies (Pica pica) and from municipal wastewater (MW). Wastewater samples were taken from the influent of two municipal wastewater treatment works. Although these works dealt primarily with human and industrial waste, the combined sewerage system may have contained a significant component of animal waste from urban run-off following heavy rainfall. Livestock samples were collected from six farms. All samples (including the faeces of birds) were gathered within a 20-mile (33 km) radius of Brighton (UK) over a period of 24 months. Samples were transported to the laboratory in sterile containers, kept in the dark at approximately 4°C and analysed for the presence of enterococci on the day of sampling. On each sampling occasion faecal samples were collected from as many individual animals as possible and then pooled together with other individuals of the same group to form source categories, e.g. pig, poultry, etc.
Analysis
All isolation and cultivation of enterococcal isolates was carried out in accordance with ISO standard 7899/2 (Anon., 1997). M-enterococcus agar (Difco) was used for the isola-tion of presumptive enterococci. Filter membranes (Gelman GN-6) containing isolated colonies were transferred to plates containing bile aesculin agar (Oxoid) and incubated for 4 h at 44°C. Aesculin-positive colonies (24 isolates/pooled sample) were transferred using sterile toothpicks into the wells of a 96-well microtitre plate containing 150 µL tryptone soy broth (TSB, Oxoid) and incubated for 18-24 h at 37°C. If the plates were not required immediately, a drop of glycerol was added to each well and the plates were stored at -70°C until required. A 96-pronged replicator (Sigma) was used to transfer isolates from microplates containing TSB into a series of antibiotic microplates. Each microplate contained a single antibiotic agent at a particular concentration, allowing up to 96 isolates (four samples) to be tested per plate. Plates containing no antibiotics were inoculated as growth controls, and reference strains were used to check antibiotic potency. Microplates were placed into wet chambers and incubated at 37°C for 48 h before being scanned. The images were then saved as bitmaps.
Antibiotics
Studies in the US (Wiggins et al., 1999; Harwood et al., 2000) had suggested that ten specific antibiotics might represent the best discrimination of source amongst faecal indicator organisms. However, it was likely that resistance patterns in the UK would differ from those found in the US studies and that other agents should be tested for their suitability. Antibiotics (21), at up to four concentrations each, were chosen to represent classes of both broad-spectrum and narrow-spectrum agents used in either human and/or animal populations. These were (in µg/mL): amoxycillin (4,8,16,32), ampicillin (4,16,32,64), apramycin (4,8,16,32), cephalothin (8,16,32,64), clindamycin (1,4,8,16), erythromycin (8,16,32,64), gentamicin (4,8,16,128), kanamycin (4,8,16,32), neomycin (8,16,32,128), nitrofurantoin (4,16,32,64), nitrofurazone (8,16,64,128), ofloxacin (2,8,16,32) , oxytetracycline (16,32,64,128), penicillin (2,4,8,16), rifampicin (2,4,8,32), streptomycin (8,16,32,64) , sulfathiazole (16, 32, 64, 128) , tetracycline (2,8,32,64), tylosin (2,4,16,32), vancomycin (4,8,16,32) and virginiamycin (2). All antibiotics were obtained from Sigma-Aldrich.
Scanning
Previous techniques classified isolates as resistant, based on observations of either growth on agar plates or turbidity measurements within microplates. For growth to be adequately detected using a transmissive flatbed scanner (Umax Astra 3450) it was necessary to include a pH indicator solution in the growth medium. Bromocresol purple was selected, as it produces a very clear colour change in the pH range 5.2-6.8, enabling glucose fermentation by enterococci to be detected. Acid produced by the fermentation process causes the indicator to change from purple through to yellow. Software developed in Sweden (PhPWIN ver. 4.2, BioSys Innova) enabled each of the 96 wells of the scanned microplates to be assigned absorbency values, which could then be converted into binary data (Microsoft Excel) for statistical analysis (MINITAB 13.31). Growth resulted in low absorbency values (<8), whereas non-growth and contamination resulted in higher values (>8), allowing contaminated isolates to be detected and automatically removed from the database.
Statistical analysis
Statistical analysis was carried out using a multivariate approach known as discriminant function analysis (DFA). DFA uses data describing the ability of each known isolate to grow at concentrations of various antibiotics. A mechanism for distinguishing unknown groups of samples on the basis of their growth measurements can then be developed. The discriminant functions are carried out in a series, with the first function best highlighting the major group differences. The next function assesses the remaining group differences, not explained during the first function, and so on (Gardiner, 1997) . The accuracy and predictive capability of the database was tested using two previously prescribed methods (Whitlock et al., 2002) . The random reassignment method tests if there are coherent source groups present and whether they are large enough to avoid the random grouping of isolates. The results of random reassignment showed that negligible artificial grouping was taking place within the data set. The F-test was also used to check that discrimination between sources was possible. The F-test statistic exceeded the critical value for all pairwise comparison at p <0.01, suggesting that the discrimination process was valid.
Results and discussion
Some 2,195 known source isolates were successfully analysed for their sensitivity, to a combination of 21 antibiotics at up to four concentrations, creating a library of over 175,000 reactions. DFA allowed the number of correctly classified isolates from each known source to be determined. The Average Rate of Correct Classification (ARCC) was then calculated by averaging the correct classification rates from each individual source. The ARCC values achieved were comparable with those obtained by other investigators (Wiggins, 1996; Hagedorn et al., 1999; Harwood et al., 2000) .
ARCC were calculated for various combinations of sources, e.g. municipal wastewater (MW) vs non-MW (2-way classification), or MW vs livestock vs "wild" (three-way classification) (Tables 1 and 2 ).
The highest ARCC were observed when the database was split into the least number of sources (Table 1) . When the database was broken down into all its source categories (13-way classification) the ARCC was 60%. However, artificially high correct classification rates were observed in sources where the number of known isolates was very small (<100). These results were treated with caution and only used when combined with other sources to form a new larger category entitled "wild", consisting of duck, geese, gull, magpie, pigeon, and starling isolates. It was then possible to split the database into six source categories (wastewater, cattle, pig, poultry, sheep and "wild") and achieve an ARCC of 69% (Table  3) . Individual sources were correctly classified at rates ranging from 62% for both cattle and wastewater, to 87% for pigs. Pig isolates displayed the highest levels of resistance to the greatest number of concentrations, particularly to oxytetracycline, tetracycline, tylosin and erythromycin. This could be because pigs in the UK have regular exposure to antibiotics in their food and water, and this may have exerted a greater selective pressure on their commensal bacterial flora. Conversely, isolates from cattle and sheep were found to have the greatest overall susceptibility to antibiotic agents. This may be because they tend to have less exposure to antibiotics, as risk of infection tends to be lower among animals reared outdoors.
When wastewater was compared with all other sources the rate of correct classification ranged from 62% (six-way classification) to 72% (two-way classification). Wastewater isolates displayed the highest rates of resistance to ofloxacin, clindamycin, amoxicillin and sulfathiazole. As ofloxacin and sulfathiazole are used exclusively for the therapeutic treatment of humans, high levels of resistance might, therefore, be expected in these populations. Best classification of wastewater isolates (72% or 291/403 correctly classified) was achieved using just 18 concentrations of 14 antibiotics (ARCC = 85%). These were (in µg/mL) cephalothin (16, 32), clindamycin (8), erythromycin (16, 64), gentamicin (4), kanamycin (8, 16), neomycin (8), nitrofurantoin (32), ofloxacin (2, 16), oxytetracycline (64), penicillin-G (8), rifampicin (2), streptomycin (64), tylosin (32), and virginiamycin (2).
Livestock and wild isolates were correctly classified at rates of 67-74% and 66-78% respectively. When livestock and wild isolates were combined as simply non-wastewater (two-way classification) their rates of correct classification increased to 87-90%. "Wild" isolates (particularly gull) displayed resistance to a diverse group of antibiotics, perhaps because they frequently came into contact with landfill sites, agricultural slurries, sewage effluents and many other wild and domesticated animals.
The number of correctly classified isolates was far greater than would have been the case if classification were merely a random occurrence. For example the probability of an isolate classifying into each of the six source categories by chance alone would be 17% whereas, in fact, the rate at which these sources correctly classified was three times greater (69%).
The predictive capability of the database was further tested by introducing 425 "test" isolates of known origin and treating them as if they were of unknown origin (55% of these were from wastewater and 45% from livestock). DFA correctly predicted the origin of 85% of the isolates, assigning 53% to wastewater and 32% to livestock (Table 4) . A misclassification rate was also established for each source category, below which an unknown sample could not legitimately be assigned to a particular source. The fact that "test" isolates were J.E. Ebdon et al. classified at a similar rate to known source isolates suggested that the database was representative. The cost of testing an unknown isolate ranged from US$0.08 to US$0.61 excluding labour costs. This was low compared with equivalent genotypic source tracking methods. Analysis of the DFA data revealed which response variables were driving the discrimination process, making it possible to identify a "best" subset of variables for identifying specific sources. The number of antibiotics and concentration could then be reduced, whilst the rate of correct classification increased. Even significant reductions in the number of antibiotics used for DFA (e.g. 80 to 18) only led to a slight decrease in the classification rates observed. This suggested that (providing detailed information was not required about each individual source), it was still possible to construct a low-cost library capable of good rates of classification based on far fewer test parameters.
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Conclusions
The modified ARP technique not only increased the speed and reliability at which plates could be read, but also led to reductions in contamination rates while minimising antibiotic usage. The main expense associated with this approach to source tracking is in the construction of the initial database of isolates. However, recent research (Wiggins et al., 2003) suggested that, provided a database was large enough to be representative, it may be possible to successfully classify isolates from a different region. The use of a database developed in one region to classify faecal bacteria from another could lead to significant reductions in development costs. An in-depth study is currently being undertaken to investigate the geographical stability of antibiotic resistance profiles in western Europe.
Best discrimination was observed amongst populations where antibiotic usage was most common. Changes in selective pressures on bacterial communities may mean that the database will require periodic updating. However, recent studies (Hagedorn et al., 1999; Wiggins et al., 2003) have shown ARP libraries to be stable for at least one year (i.e. no substantial reductions in ARCC). It has been suggested (Sinton et al., 1998) that accurate source tracking might best be achieved using a "basket of determinants". ARP would lend itself well to a study in which other techniques such as carbon source profiling (Wallis and Taylor, 2003) could be used in parallel to improve discrimination of sources that ARP has difficulty in successfully classifying. A technique in which the primary expense is that of labour would lend itself well to developing countries where labour costs are often not a decisive factor in the choice of methodology. Further research is however necessary to determine whether the technique can classify isolates in other parts of the world as successfully as it appears to have done in this study. 
